The mesolimbic system plays an important role in the regulation of both pathological behaviors such as drug addiction and normal motivated behaviors such as sexual behavior. The present study investigated the mechanism by which this system is endogenously activated during sexual behavior. Specifically, the effects of sexual experience and sex-related environmental cues on the activation of several components of the mesolimbic system were studied. The mesolimbic system consists of a dopaminergic projection from the ventral tegmental area (VTA) to the nucleus accumbens (NAc). Previous studies suggest that these neurons are under tonic inhibition by local GABA interneurons, which are in turn modulated by mu opioid receptor (MOR) ligands. To test the hypothesis that opioids are acting in the VTA during sexual behavior, visualization of MOR internalization in VTA was used as a marker for ligand-induced activation of the receptor. Significant increases in MOR internalization were observed following copulation or exposure to sex-related environmental cues. The next goal was to determine if sexual behavior activates dopamine neurons in the VTA, using tyrosine hydroxylase as a marker for dopaminergic neurons and Fos-immunoreactivity as a marker for neuronal activation. Significant increases in the percentage of activated dopaminergic neurons were observed following copulation or exposure to sex-related environmental cues. In addition, mating and sex-related cues activated a large population of nondopaminergic neurons in VTA as well as neurons in both the NAc Core and Shell. Taken together, our results provide functional neuroanatomical evidence that the mesolimbic system is activated by both sexual behavior and exposure to sex-related environmental cues.
INTRODUCTION
The mesolimbic dopamine system is a key component of the neural circuitry regulating motivation and reward. This system can be activated via exogenous application of drugs of abuse, often resulting in a pathological set of behaviors known as addiction. However, the mesolimbic system also plays a major role in the regulation of normal motivated behaviors such as feeding, drinking, aggression, and sexual behavior. While numerous studies have focused on druginduced activation of this pathway, less is known about the function of the mesolimbic system under natural conditions. Therefore, the present study investigates the endogenous mechanisms by which sexual behavior activates the mesolimbic dopamine system.
Male rodent sexual behavior consists of an appetitive approach phase followed by a consummatory phase in which the animal mounts and intromits, culminating with ejaculation (Hull et al, 2002) . Behavioral studies indicate that male rodent sexual behaviorFand in particular ejaculationFis a rewarding and reinforcing behavior. Male rats readily develop a conditioned place preference to copulation (Agmo and Berenfeld, 1990; Agmo and Gomez, 1993; Meisel et al, 1996; Paredes and Alonso, 1997; Lopez et al, 1999; Martinez and Paredes, 2001 ), and will perform operant tasks to gain access to a sexually receptive female .
The mesolimbic dopamine system, consisting of dopamine (DA) producing neurons located in the ventral tegmental area (VTA) that project to the nucleus accumbens (NAc), plays a critical role in the motivated and rewarding aspects of sexual behavior. Microdialysis studies have indicated that dopamine is released into the NAc upon presentation of the female, and remains elevated throughout the display of sexual behavior (Pfaus et al, 1990; Pfaus and Phillips, 1991; Damsma et al, 1992; Wenkstern et al, 1993) .
Furthermore, infusion of DA receptor agonists into the NAc facilitates the initiation of sexual behavior in male rats (Everitt et al, 1989) , while antagonists have inhibitory effects (Pfaus and Phillips, 1989) . The dopaminergic projection neurons in the VTA are likely under tonic inhibition by local GABAergic interneurons. Stimulation of the G i/o -coupled mu opioid receptor (MOR) results in the inhibition of these GABAergic neurons, which in turn leads to disinhibition of dopaminergic projection neurons and the subsequent release of DA into NAc. This circuitry model is supported by multiple electrophysiological and pharmacological studies (Matthews and German, 1984; Johnson and North, 1992; Klitenick et al, 1992; Ikemoto et al, 1997) , and is illustrated in Figure 1 . We hypothesize that, during sexual behavior, endogenous opioids are released into the VTA, resulting in disinhibition of dopaminergic projection neurons. This hypothesis is supported by studies demonstrating that opioid antagonists infused into the VTA inhibit sexual motivation (van Furth and van Ree, 1996) . The current study consists of a set of experiments designed to provide neuroanatomical evidence for this model.
The first goal of this study is to extend our knowledge of the anatomical distribution of MOR in the VTA, particularly with respect to GABAergic neurons. Despite the wealth of pharmacological data, relatively little is known about the anatomical organization of this circuitry. It has been demonstrated that MOR are primarily present in nondopaminergic neurons in the VTA (Garzon and Pickel, 2001) . However, it is unknown if MOR are located on GABA neurons.
The overall goal of the present study is to investigate the activation of the MOR and DA neurons in the VTA during male sexual behavior. First, to test the hypothesis that opioids are released into the VTA during sexual behavior, we used MOR internalization as a marker for ligandinduced activation of the receptor. This technique takes advantage of the fact that G-protein-coupled receptors undergo endocytosis following ligand binding. In particular, MORs have been shown to undergo ligand-induced endocytosis both in vitro (Keith et al, 1998) as well as in vivo (Eckersell et al, 1998; Trafton et al, 2000; Sinchak and Micevych, 2001) . Internalized endosome-like particles can be visualized using confocal microscopy, and quantification of these particles provides an indirect measure of endogenous opioid peptide release. In addition, this technique allows cellular resolution in the determination of the targets of endogenous opioid action. Our next goal was to determine if sexual behavior activates DA neurons in the VTA. To address this question, we used Fos immunoreactivity (Fos-IR) as a marker of neuronal activation. Finally, to assess whether the NAc is activated during sexual behavior, we quantified Fos-IR in both the NAc Core and Shell subregions.
Experience and environment also play an important role in the activation of the mesolimbic system. In humans, drug addicts often report intense bouts of craving following exposure to drug-associated environmental cues (Childress et al, 1988; Wallace, 1989) . In rodents, exposure to drugassociated cues leads to conditioned activation of the mesolimbic dopamine system, which is evidenced by increased DA release (Duvauchelle et al, 2000) and immediate early gene expression in the NAc (Ostrander et al, 2003) following exposure to a drug-paired environment. Less is known about conditioned responses to environmental cues associated with normal motivated behaviors such as sexual behavior. Sexually experienced male rats display increases in NAc DA when exposed to an estrous female behind a wire mesh (Damsma et al, 1992) . However, exposure to bedding soiled by an estrous female also stimulates DA release in the NAc (Mitchell and Gratton, 1991) , and it is unknown whether conditioned activation of the mesolimbic system is dependent on olfactory input. Therefore, a major goal of the present study is to determine if sex-associated spatial and tactile cues activate the mesolimbic system, in the absence of olfactory input. Specifically, we used the methods described above to compare sex-induced activation of the mesolimbic system in animals that are sexually experienced vs naïve animals. In addition, we compared animals that gained their experience in different environments, in order to investigate the effect of sex-related environmental cues on the activation of the mesolimbic DA system.
MATERIALS AND METHODS

Animals
Adult male Sprague-Dawley rats (250-260 g) were obtained from Harlan (Indianapolis, IN) and housed individually in Plexiglas cages for the duration of the experiment. The colony room was maintained on 12/12 h reversed light-dark cycle (lights off at 1000 h). Food and water were available ad libitum. Stimulus females for mating behavior tests were bilaterally ovariectomized and received a subcutaneous implant containing 5% estradiol benzoate (EB) and 95% cholesterol. Sexual receptivity was induced by administration of 500 mg progesterone (subcutaneous) in 0.1 ml sesame oil, 5 h before testing. All procedures were approved by the Animal Care and Use Committee of the University of Cincinnati, and conformed to NIH guidelines involving vertebrate animals in research.
Sexual Behavior
Eight experimental groups were included in this experiment (see Table 1 ). These groups differed in sexual experience (naïve vs experienced), the environment in which sexual behavior testing was performed (home cage vs test cage), and the behavior on the final test day (sex vs unmated Figure 1 Proposed circuitry model of mesolimbic activation during sexual behavior. In this model, endogenous opioid peptides are released into the VTA and bind to MORs, inhibiting GABAergic interneurons. This releases the dopaminergic projection neurons from inhibition, resulting in DA release into the NAc.
Sex-induced activation of the mesolimbic system ME Balfour et al control). First, the animals were divided into four groups differing in sexual experience and the environment in which they were tested. The environment consisted of the home cage or a test cage. The home cage refers to the standard Plexiglas cages in which the animals were individually housed for the duration of the experiment. The test cage refers to a cage different from the home cage, that is, larger and without odor cues (60 Â 45 Â 50 cm 3 ), in which the animals were placed during each test session (see below). This test cage was thoroughly cleaned with alcohol solution (70%) between sessions, and contained clean bedding. Animals in the sexually experienced groups were allowed to mate with a receptive female to one ejaculation or for 60 min, whichever came first, during five twice-weekly pretest sessions. During these pre-test sessions, animals either mated in their home cages or in the larger test cage with clean bedding. The animals that gained sexual experience in the test cage were placed in the test cage for 60 min prior to the introduction of the female, and then allowed to mate to one ejaculation or 60 min. Males that gained sexual experience in the home cage received a receptive female in the home cage and were allowed to mate to one ejaculation or for 60 min. At 1 week following the last pretest mating session, the sexually experienced rats were randomly subdivided into mated ('sex') and unmated ('control') groups (total of four sexually experienced groups, N ¼ 4 each). During the final test, 'sex' animals were allowed to mate to one ejaculation in the same environment in which they gained experience, that is, home or test cage. Thus, animals that gained sexual experience in the home cages remained in the home cage, received a receptive female, and mated to one ejaculation. Animals that gained sexual experience in the test cage were placed in the test cages for 1 h, following which a female was placed in the test cage and the males mated to one ejaculation. At 5 min following ejaculation, the female partner was removed and the male remained in the home cage or test cage for 1 h until sacrifice. Control animals did not receive a receptive female partner on the final test day, but instead were taken from the home cage or were placed in the test cage without a receptive female for 2 h before sacrifice, depending on the environment in which they gained sexual experience.
Sexually naïve animals (animals that did not receive sexual experience) were either left undisturbed in the home cage or were placed in the test cages without a female for 1 h for five twice-weekly sessions. At 1 week following the last pre-test session, the rats were randomly subdivided into 'sex' and 'control' groups (total of four sexually naïve groups, N ¼ 4 each). Similar to the sexually experienced groups, the environment in which the final test was conducted was the same as during the pre-test sessions. Hence, the naïve males exposed to the test cage during the pre-test sessions were placed in the test cages for 1 h, following which a female was placed in the test cage and the males mated to one ejaculation ('sex') or were placed in the test cage without a receptive female for 2 h (unmated control). Males that remained in the home cages either received a receptive female and mated to one ejaculation ('sex'), or were killed from the home cage (unmated control). In the 'sex' groups, the female partner was removed 5 min following ejaculation, and the males remained in the home cage or test cage for 1 h until sacrifice.
Tissue Preparation
The animals were deeply anesthetized using pentobarbital (200 mg/kg), and perfused transcardially with 100 ml of 0.9% NaCl followed by 500 ml of 4% paraformaldehyde, in 0.1 M phosphate buffer (PB; pH 7.3). The brains were removed and post-fixed for 1 h at room temperature in the fixative, then placed in 20% sucrose in 0.1 M PB and stored at 41C. Coronal sections (35 mm) were cut on a freezing microtome (Richard Allen, Kalamazoo, MI), collected in four parallel series in cryoprotectant solution (30% sucrose, 30% ethylene glycol in 0.1 M PB; Watson et al, 1986) , and stored at À201C until further processing.
Immunocytochemistry
All incubations were performed at room temperature with gentle agitation. The free-floating sections were washed extensively with 0.1 M phosphate-buffered saline (PBS) between incubations. Sections were incubated for 10 min with 1% H 2 O 2 , then blocked for 1 h with incubation solution (PBS containing 0.1% bovine serum albumin and 0.4% triton X-100). All primary antibody incubations were performed in the incubation solution, overnight at room temperature. Following staining, the sections were washed thoroughly in 0.1 M PB, mounted onto glass slides with 0.3% gelatin in ddH 2 O and coverslipped with DPX (Electron Microscopy Sciences, Fort Washington, PA) or an aqueous mounting medium (Gelvatol) containing an anti-fading agent 1,4-diazabicyclo(2,2)octane (DABCO; 50 mg/ml, Sigma-Aldrich, St. Louis, MO), prepared as described previously (Harlow and Lane, 1988) . Immunocytochemical controls included omission of primary antibodies. VTA and/or NAc series were stained for the following markers:
Fos/TH. VTA and NAc sections were incubated overnight with a rabbit polyclonal antibody to c-Fos (1 : 7500; SC-52; Santa Cruz Biotechnology, Santa Cruz, CA) followed by one hour incubations with biotinylated donkey anti-rabbit IgG (1 : 400; Jackson ImmunoResearch Laboratories, West An overview of the eight experimental groups used in the current study is presented. The groups differ in three factors: sexual experience (naïve vs experienced); the environment in which the animals gained experience (home cage vs test cage); the behavior on the final test day (unmated control vs sex).
Grove, PA) and avidin-horseradish peroxidase complex (1 : 1000; ABC Elite Kit, Vector Laboratories, Burlingame, CA). Finally, the sections were incubated for 10 min in 0.02%. diaminobenzidine (DAB; Sigma-Aldrich, St Louis, MO) in 0.1 M PB containing 0.012% hydrogen peroxide and 0.08% nickel sulfate, resulting in a blue-black reaction product. Next, VTA sections were incubated overnight with mouse monoclonal antibody to tyrosine hydroxylase (TH; 1 : 400 000; Chemicon International, Temecula, CA), biotinylated donkey anti-mouse IgG secondary antibody (1 : 400; Jackson ImmunoResearch Laboratories, West Grove, PA) and ABC as described above. Finally, the sections were incubated for 10 min in 0.02% DAB in 0.1 M PB containing 0.012% hydrogen peroxide, resulting in a reddish-brown reaction product.
MOR. VTA sections were incubated overnight with a rabbit polyconal antibody recognizing the C-terminal region of the rat MOR1 (1 : 10 000; DiaSorin, Saluggia, Italy), biotinylated donkey anti-rabbit IgG and ABC, as described above. Next, the sections were incubated for 10 min with biotinylated tyramide ( GAD/TH. VTA sections were incubated with a rabbit polyclonal antibody recognizing glutamic acid decarboxylase (GAD; 1 : 1500, Chemicon International, Temecula, CA), followed by incubations with biotinylated donkey antirabbit IgG, ABC, BT, and CY-3-conjugated streptavidin, as described above. Next, sections were incubated with a mouse monoclonal antibody to tyrosine hydroxylase (TH; 1 : 40 000; Chemicon International, Temecula, CA), followed by a 30-min incubation with goat anti-mouse IgG conjugated to Alexa 488 (1 : 200; Jackson ImmunoResearch Laboratories, West Grove, PA).
Data Analysis
VTA anatomy. For anatomical analysis of the VTA, stacks of 1 mm optical sections were captured along the z-axis, using a Zeiss LSM-510 laser-scanning microscope. CY3-fluorescence was imaged with a 567 nm emission filter and a He-Ne laser, and Alexa 488 with 505 nm emission filter and argon laser. The distribution of GAD-IR fibers relative to TH neurons was investigated. In addition, the location of MOR in relation to GABA-IR cell bodies was investigated and the rostrocaudal distribution of MOR-IR neurons co-expressing GABA was quantified in one animal. In addition, the rostrocaudal distribution on MOR-IR cell bodies throughout the VTA was analyzed in three animals.
Sexual behavior. Each pre-test and final test mating session was observed and sexual behavior was recorded: number of mounts (#M), number of intromissions (#I), mount and intromission latencies (ML and IL, ie the time from presentation of the female to the first mount or intromission), and ejaculation latency (EL; the time from the first intromission to ejaculation). Results of each measure for the last day of the pre-test mating sessions were analyzed using a one-way ANOVA, to determine if the mating environment (home cage vs test cage) affected sexual experience. Results from the final test day were analyzed using a two-way ANOVA (factors: experience, environment) and post hoc comparisons were performed using Fisher's PLSD, all with 5% significance levels.
MOR internalization. For quantitative analysis of endosome counts in VTA neurons, z-stacks of 1 mm optical sections through 15-30 neurons were captured using a Zeiss laser-scanning confocal microscope system (Zeiss LSM-510). Of each stack of images through the neurons, two consecutive sections in the middle of the neuron were used for analysis. Numbers of immunoreactive intracellular particles were counted for each cell by an observer blind to the experimental group, and were averaged per animal. In addition, the percentage of internalized MOR-IR cells was quantified; MOR-IR neurons containing three or more immunoreactive intracellular particles were considered internalized. Results were analyzed using a three-way ANOVA (factors: mating, experience, and environment) and post hoc comparisons (Fisher's PLSD) using 5% significance levels. Images were imported into Adobe Photoshop 7.0 (Adobe Systems, San Jose, CA) to compose the figures. Images were not adjusted or altered in any way, except for brightness.
Fos/TH. Using a drawing tube attached to a Leica microscope (Leica Microsystems; Wetzlar, Germany), camera lucida drawings were made of the analyzed sections from each animal. In the VTA, camera lucida drawings were made of four sections approximately 280 mm apart, representative of four rostral to caudal levels in the VTA (Figure 2 ). Using TH staining and the location of the medial lemniscus (ml) and fasciculus retroflexus (fr) as landmarks, standard areas were defined in which to count Fos-IR nuclei and Fos/TH double-labeled cells. Cell counts were performed in standard areas ranging from 2.16 mm 2 (rostral and two middle levels) to 1.6 mm 2 (most caudal level). In the NAc, camera lucida drawings were made of three sections approximately 600 mm apart, representative of three rostral-to-caudal levels in the NAc (Figure 3) . At each level, standard areas of 0.24 mm 2 were defined, in which to count Fos-IR nuclei in both the NAc Core and NAc Shell. Group means were calculated for each separate rostral-tocaudal level in both NAc and VTA. In addition, an average of the four (VTA) or three (NAc) rostral-to-caudal levels were calculated per animal, and group means were based on animal averages. Results were analyzed using a three-way ANOVA (factors: mating, experience, and environment) and post hoc comparisons (Fisher's PLSD) using 5% significance levels. Specifically, comparisons were made within each rostrocaudal level between: (1) each sex group and the corresponding control group, (2) all control groups, and (3) all sex groups. Digital images of immunostained sections were captured using a digital camera (Magnafire, Optronics) attached to a Leica microscope (Leica Microsystems; Wetzlar, Germany). Images were imported into Adobe Photoshop 7.0 (Adobe Systems, San Jose, CA) to compose the figures. Images were not adjusted or altered in any way, except for occasional adjustment of brightness.
RESULTS
VTA Anatomy
MOR-IR was observed on both axon terminals and cell bodies (Figure 4a) , and in fibers in close apposition to GABA-IR neurons. In addition, MOR-IR was observed to colocalize with GABA-IR in cell bodies (Figure 4a ). Approximately 79% of MOR-IR neurons coexpressed GABA-IR in the rostral portion of the VTA where the majority of MOR-IR neurons are located. Few MOR-IR neurons were observed in the caudal VTA, although approximately 50% of these MOR-IR neurons co-express GABA. In addition, we observed GAD-IR fibers in close apposition to TH-IR neurons throughout the VTA (Figure 4b ).
Sexual Behavior
Measurements for sexual behavior on the last day of the pre-test mating sessions of the sexually experienced males are illustrated in Table 2 . The environment in which the experienced males gained their experience did not affect any of the analyzed parameters of sexual behavior (Table 2 ). In particular, on the last day of the pre-test mating sessions, there were no differences between the males that mated in the home cage or in the test cage. Measurements for sexual behavior during the test day are illustrated in Table 3 . Significant differences were observed between the naïve and experienced males on the test day (F (1,12) ¼ 8.927; p ¼ 0.0113; Table 3 ). Naïve males that mated in the test cage had higher numbers of mounts and longer latencies to mount, intromission, and ejaculation compared to experienced males that mated either in the test cage or in the home cage. We observed a similar trend in the naïve males that mated in the home cage, although the differences did not reach significance in post hoc tests. Statistically significant differences in sexual behavior between naïve males that mated in home vs test cage were only observed in IL, which was higher in naïve males that mated in the test cage. 
MOR Internalization
Mating-induced internalization of MOR was analyzed in neurons located in the rostral VTA (Figure 4c, d) , where the majority of MOR-IR cell bodies were located. Sexual behavior significantly increased MOR internalization in the VTA (F (1,23) ¼ 112.382; po0.0001 ). Significant matinginduced increases in the number of MOR-IR endosome-like particles were observed in all males that mated on the test day, compared to their controls (Figure 5a , filled vs open bars; po0.03). In addition, exposure to the sex-related environment alone also resulted in a significant increase of MOR internalization. In particular, a three-way interaction between mating, experience, and environment was observed (F (123) ¼ 16.370; p ¼ 0.0005) and post hoc analysis indicated The mean7SEM for latencies (in seconds) to mount (ML), intromission (IL) and ejaculation (EL), the numbers of mounts (#M) and intromissions (#IM) during the final pre-test mating session, as well as the total number of ejaculations over the course of the entire training period (#E) are presented. No significant differences were observed between groups. Sex-induced activation of the mesolimbic system ME Balfour et al that MOR internalization was significantly increased in experienced males that had been placed in the environment in which they received prior sexual experience, but did not mate on the test day when compared to all other unmated control groups ( Figure 5a , open bars; po0.05). Sexual behavior also significantly increased the percentage of MOR-IR neurons that showed internalization (F (1,23) ¼ 136.312; po0.0001). In particular, a greater proportion of internalized MOR-IR neurons was observed in males that mated on the test day compared to their unmated controls (Figure 5b , filled vs open bars; po0.03), and in sexually experienced males that were exposured to the sex-related environment, but did not mate compared to all other unmated control groups ( Figure 5b , open bars; po0.01).
Fos Expression in Dopamine Neurons
Sexual behavior and exposure to the sex-related environment resulted in activation of dopamine neurons throughout the VTA (Figures 4e, f and 6 ). There was a significant effect of mating on the percentage of TH cells expressing Fos throughout the VTA (F (1,24) ¼ 99.774; po0.0001). Post hoc analysis indicated significant mating-induced increases in Fos expression in naïve males that mated in either home or test cage compared to their unmated controls, and in experienced males that mated in the home cage compared to their unmated controls (Figure 6 , po0.0001). In addition, a two-way interaction between mating and environment was observed (F (1,24) ¼ 12.479; p ¼ 0.0017). Post hoc analysis indicated that the percentage of activated TH cells was significantly increased in experienced unmated control males that were exposed to the environment in which they received prior sexual experience compared to all other unmated control groups (Figure 6 , po0.001). Interestingly, mating did not further increase the percentages of activated TH neurons in experienced males, relative to the cueinduced activation observed in the unmated controls. Overall, the percentages of sex/environment-activated TH neurons appeared higher in the rostral levels of the VTA compared to the caudal levels, although this was not statistically analyzed (Table 4) .
Fos Expression in Nondopaminergic Neurons
Although sexual behavior and sex-related cues induced Fos expression in TH neurons, the majority (80-90%) of Fos-IR neurons in the VTA did not express TH. Analysis of Fos expression in these nondopaminergic neurons revealed a The mean7SEM (in seconds) for latencies to mount (ML), intromission (IL), and ejaculation (EL) and the numbers of mounts (#M) and intromissions (#IM) are presented. The statistical relationship between the groups is indicated by lower-case letters; groups that share a common letter do not differ significantly. The mean percentages of TH cells expressing Fos at four levels through the VTA (mean7SEM) are presented. The statistical relationship between the experimental groups is indicated by lower-case letters; groups that share a common letter do not differ significantly. Comparisons were made between experimental groups within each rostrocaudal level.
similar induction pattern as in TH neurons (Figure 7 ). Specifically, a significant effect of mating on Fos expression was observed (F (1,24) ¼ 40.093, po0.0001), and significant mating-induced increases in numbers of Fos-IR neurons were present in the naïve and experienced males that mated in the home cages compared to their unmated controls, as well as in the naïve males that mated in the test cage compared to their unmated controls (Figure 7 , po0.006).
Moreover, there was a significant interaction between mating and environment (F (1,24) ¼ 5.288, p ¼ 0.0305), and a significant increase in Fos expression was observed in experienced unmated males that were placed in the environment in which they had received prior sexual experience compared to all other unmated control groups (Figure 7 , po0.02). Sexual behavior in experienced males that mated in the test cage did not further increase the level of Fos expression compared to their unmated controls. Analysis of Fos expression in each of the separate rostrocaudal levels of the VTA revealed a similar pattern of Fos expression described above for the total VTA. However, the majority of Fos-IR neurons were observed in the rostral levels of the VTA (Table 5 ), although differences in Fos expression between rostrocaudal levels were not statistically analyzed.
Fos Expression in the NAc
Sexual behavior and exposure to the sex-related environment resulted in neuronal activation in the NAc (Figure 8 ).
There was a significant effect of mating on the number of cells expressing Fos in both the NAc Core (F (1,24) ¼ 457.265, po0.0001) and NAc Shell (F (1,24) ¼ 234.159, po0.0001). In the NAc Core, a significant mating-induced increase in the numbers of activated neurons was present in all males that mated on the test day compared to their controls (Figure 8b , po0.0001). In addition, a two-way interaction was observed between mating and environment (F (1,24) ¼ 3.244, p ¼ 0.0294). Post hoc analysis revealed that the number of activated cells was significantly increased in experienced unmated control males that were exposed to the environment in which they received prior sexual experience (Figure 8b , po0.002). Similarly, in the NAc shell, a significant mating-induced increase in the numbers of activated neurons was present in all males that mated on the test day compared to their controls (Figure 8a , po0.0001).
In addition, a two-way interaction was observed between mating and environment (F (1,24) ¼ 8.725; p ¼ 0.0069). Post The numbers of Fos-IR cells not expressing TH at four levels through the VTA (mean7SEM) are presented. The statistical relationship between the experimental groups is indicated by lower-case letters; groups that share a common letter do not differ significantly. Comparisons were made between experimental groups within each rostrocaudal level.
hoc analysis revealed that the number of activated cells was significantly increased in experienced control males that were exposed to the environment in which they received prior sexual experience compared to all the other unmated control groups (Figure 8a , po0.005). Results from all the three rostrocaudal levels are presented in Table 6a and b.
DISCUSSION
The current study provides the first direct anatomical evidence that both MOR and dopaminergic neurons in the VTA are activated during sexual behavior. These results support previous findings by microdialysis and pharmacological studies suggesting that the mesolimbic DA pathway is activated during sexual behavior. First, it was demonstrated that mating results in ligand-induced activation of MOR in VTA neurons, suggesting that activation of the VTA is mediated by endogenous opioids released during sexual behavior. Second, mating was shown to result in the activation of DA neurons in the VTA, potentially contributing to DA release in the NAc. Indeed, a similar pattern of mating-induced activation was observed in NAc neurons, possibly due to DA release. Finally, sexual behavior resulted in activation of nondopaminergic neurons in the VTA. Interestingly, all of these effects were also observed in response to spatial and tactile environmental cues associated with prior sexual experiences. Taken together, these data support involvement of the mesolimbic pathway in male sexual behavior and reward. The numbers of Fos-IR cells not expressing TH at four levels through the NAc shell are presented. The statistical relationship between the experimental groups is indicated by lower-case letters; groups that share a common letter do not differ significantly. Comparisons were made between experimental groups within each rostrocaudal level.
The present study marks the first demonstration of MOR activation in the VTA by either a natural behavior or environmental cues. Others have used similar techniques to visualize MOR activation in other areas of the brain and spinal cord, in response to exogenously applied opioids (Keith et al, 1998; Trafton et al, 2000) and estrogen (Eckersell et al, 1998; Sinchak and Micevych, 2001) . Recent studies from our laboratory have shown that sexual behavior causes MOR internalization in the medial preoptic nucleus of the hypothalamus in male rats (Coolen et al, 2003) . In the present study, MOR internalization was detected in the VTA following both sexual behavior and sex-associated environmental cues, suggesting that endogenous opioid peptides are released in response to these stimuli. Although this technique provides a useful marker for endogenous activation of MOR, it is an indirect marker for opioid release. Furthermore, the specific opioid ligand involved in MOR activation in VTA has not been identified. Anatomical studies show both beta-endorphin (Mansour et al, 1988) and enkephalin (Johnson et al, 1980; Fallon and Leslie, 1986) terminals in the VTA, and pharmacological evidence shows that both of these peptides can activate the mesolimbic DA system (Broekkamp et al, 1979; Stinus et al, 1980; Dauge et al, 1992) . In addition, recent reports have indicated the presence of the highly MOR-specific ligands endomorphin-1 and -2 in the VTA (Greenwell et al, 2002) . Although the present study focused exclusively on MOR, it is possible that other opioid receptors are also involved in the sex-induced activation of the mesolimbic system. Autoradiographic studies show that delta and kappa opioid receptors are present in the VTA, albeit at much lower densities compared to MOR (Mansour et al, 1987 (Mansour et al, , 1988 Dilts and Kalivas, 1990; Xia and Haddad, 1991) . Furthermore, delta agonists infused into the VTA are 100-1000 times less potent at stimulating DA release in the NAc, while kappa agonists fail to do so altogether (Devine et al, 1993) , suggesting that sex-induced activation of the mesolimbic DA pathway occurs primarily via MOR activation.
The anatomical data in the present study further support the evidence that MOR indirectly activates mesolimbic dopamine neurons via inhibition of GABA interneurons. Using confocal microscopy, MOR were observed on both GABAergic cell bodies and fibers in close apposition to GABAergic neurons. These fibers had the appearance of boutons, indicative of axon terminals; hence MOR appear to be located presynaptic to GABAergic cell bodies. These findings are in agreement with previous observations that MOR in the VTA are not located on DA neurons (Garzon and Pickel, 2001) , suggesting an indirect relationship. Furthermore, pharmacological studies have shown that MOR agonists inhibit GABA neuron firing, stimulate DA neuron firing, and increase DA release into the NAc (Matthews and German, 1984; Leone et al, 1991; Johnson and North, 1992 ). In the current study, analysis of matinginduced internalization was restricted to the rostral portion of the VTA, where the majority of MOR-containing cell bodies are located. In this region, 79% of the MORcontaining cell bodies were GABAergic, suggesting that most of the MOR internalization was in GABAergic neurons. However, it is unclear if all GABAergic neurons we observed in the VTA are local interneurons, since GABA neurons also send projections to the NAc or prefrontal cortex (Carr and Sesack, 2000) . Nonetheless, these results provide further evidence that, during natural motivated behavior, MOR ligands inhibit GABAergic interneurons, resulting in activation of dopaminergic neurons in the VTA and release of DA in the NAc.
The present study also demonstrates sex-induced activation of DA neurons in the VTA. Although it was not shown directly that MOR activation caused the activation of DA neurons, the same pattern of activation was observed in both systemsFthat is, activation by both sexual behavior and sex-related environmental cuesFsuggesting that the neural activation in the MOR and DA systems may be correlated. It is currently unknown if the activated VTA DA neurons project to the NAc. However, anatomical evidence has shown that the NAc is the major target of the DA projection from the VTA (Swanson, 1982) . Moreover, it has been shown that morphine-induced Fos-IR in the NAc is a result of opioid action in the VTA (Bontempi and Sharp, 1997) . The present data further support this model and indicate that endogenous opioids released into the VTA initiate the activation of this mesolimbic pathway during male sexual behavior. Furthermore, sex-and cue-induced Fos expression was observed in both the NAc core and shell. These subregions of the NAc differ in their histochemical characteristics and connectivity with other components of the circuitry mediating motivation and reward (Heimer et al, 1997; Kelley, 1999; Zahm, 1999) . In particular, the NAc Core possesses similarities to the dorsal striatum, and sends projections to classic basal ganglia output structures, including the ventral pallidum, subthalamic nucleus, and substantia nigra. Conversely, the NAc shell sends projections mainly to limbic structures such as the VTA, lateral hypothalamus, and brainstem autonomic centers (Heimer et al, 1991; Zahm and Brog, 1992) . Thus, sexual behavior and sex-associated cues result in the activation of mesolimbic components related to voluntary motor function as well as motivation and emotion.
Although the present results show that key components of the mesolimbic dopamine pathway are activated during male sexual behavior, it is not clear when during the behavior this activation occurs. In fact, it is possible that activation of this system may occur at different times during the behavior in sexually naïve vs experienced animals. Specifically, the VTA and NAc were activated in response to sex-related environmental cues, in the absence of interaction with a female partner, which suggests that opioids are released during the appetitive phase of the behavior. This reasoning is in agreement with Shultz's studies showing dopaminergic activity in the VTA of monkeys when reward is anticipated (Schultz, 2001) . In the present study, the mating environment appears to act as a conditioned stimulus predicting the sexual reward. Interestingly, not only were dopamine neurons activated by the predicted reward, but also activation of MOR was observed. Hence, endogenous opioids in the VTA may lead to the activation of this circuit in response to reward-predicting environmental cues. In contrast, Schultz (2001) illustrated that when reward was not predicted, dopamine neurons were activated during presentation of the reward. In agreement with this hypothesis, it is possible that, in sexually naïve animals, activation of the mesolimbic dopamine pathway occurs during the unpredicted sexual reward. Previous reports have indicated that ejaculation is the most rewarding component of sexual behavior (Agmo and Berenfeld, 1990; Lopez et al, 1999) . However, microdialysis studies have shown that odors of a receptive female can induce DA release in the NAc, even in sexually naïve males (Wenkstern et al, 1993) . It is currently unclear if exposure to female odors has a rewarding or predictive value for sexually naïve males.
Pharmacological studies suggest that the mesolimbic system involved in the motivational aspects of sexual behavior. MOR agonists infused directly into the VTA facilitate sexual behavior (Mitchell and Stewart, 1990) . Conversely, naloxone decreases the number of anticipatory level changes in a bilevel chamber, a measure of sexual motivation (van Furth and van Ree, 1996) . 6-Hyroxydopamine (6-OHDA) lesions and DA antagonists in the NAc cause similar decreases in performance on this test (van Furth et al, 1995) . Furthermore, 6-OHDA lesions of the NAc delay the onset of sexual behavior and impair noncontact erection in male rats, suggesting that DA is involved in sexual arousal in response to external cues (Liu et al, 1998) . These manipulations did not alter sexual performance, suggesting that this pathway is involved in the motivational aspects of the behavior rather than the consummatory phase. In addition, antagonists to either DA or opioid receptors inhibit the development of conditioned place preference to sexual behavior (Agmo and Berenfeld, 1990; Meisel et al, 1996) .
Interestingly, we also observed that many nondopaminergic neurons in the VTA were activated by both sexual behavior and sex-related environmental cues. This suggests that pathways other than activation of DA neurons via endogenous opioids may be involved in the activation of the VTA. Indeed, other brain regions associated with reward such as the medial prefrontal cortex (mPFC) provide excitatory input to nondopaminergic neurons in the VTA (Sesack and Pickel, 1992; Carr and Sesack, 2000) . Specifically, mPFC afferents project to VTA GABAergic interneurons and GABAergic mesoaccumbens projection neurons, but not to mesocortical GABAergic neurons (Carr and Sesack, 2000) . Further studies are needed to investigate the connections and neurochemical phenotype of the sex-activated nondopaminergic neurons in the VTA, as well as their significance for sexual motivation and reward.
Finally, the results from the current study suggest the existence of rostrocaudal differences in sex-induced activation of the VTA, although these differences were not statistically analyzed in the present study. Interestingly, Bolanos and colleagues have recently demonstrated the possibility that distinct topographical regions within the VTA mediate generally positive vs negative responses to emotional stimuli. In particular, they demonstrated that overexpression of phospholipase Cg1 (PLCg1) in the rostral VTA enhances preference for morphine and sucrose, while PLCg1 overexpression in the caudal VTA decreases reward preference and increases sensitivity to aversive stimuli (Bolanos et al, 2003) . In agreement, the results from the present study suggest that the rostral, but not caudal, VTA may mediate sexual motivation and reward.
In conclusion, the current study demonstrates activation of the mesolimbic system during a natural motivated behaviorFmale sexual behavior. Specifically, activation of this system is related to mating behavior as well as environmental cues associated with prior sexual experiences. The mesolimbic system is intimately involved in drug abuseFa 'nonnatural' motivated behavior (Wise, 1996) . By studying the function of this system under natural conditions, we may gain a better understanding of its role in drug addiction.
